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I r e p o r t  h e r e  on l a t e s t  r e s u l t s  from an i n v e s t i g a t i o n  of t h e  form of t h e  
n e u t r a l  cu r ren t  coupling i n  t h e  i n c l u s i v e  channels 
v P +  N -) v + hadrons P 
and ijP+ N - )  ij + hadrons. P 
The experiment was conducted by t h e  Caltech-Fermilab group i n  October 1974, 
by t h e  following people: F. M e r r i t t ,  B. Barish,  J. F. B a r t l e t t ,  K. W. Brown, 
A. Bodek, D. Buchholz, E. Fisk ,  G. Krafczyk, F. Jacquet ,  F. S c i u l l i ,  H. Suter ,  
and L. S t u t t e .  
The d a t a  were taken i n  t h e  Fermilab narrow band beam s e t  t o  a mean secondary 
hadron energy of * 170 GeV. The d i s t r i b u t i o n s  of  t o t a l  energy,observed i n  t h e  t a r g e t  
ca lor imeter ,  f o r  charged cu r ren t  events  i n  which t h e  muon momentum was measured, 
shown i n  f i g u r e  1, r e f l e c t  t h e  dichromatic  s t r u c t u r e  of t h e  beam, with average 
energ ies  f o r  neu t r inos  from pion and kaon decay of  50 and 150 GeV, r e spec t ive ly .  
The two main sources of background present  i n  t h e  d a t a  sample come from cosmic 
r a y  in t e rac t ions , and  from neu t r inos  (and ant i-neutr inos)which a r e  produced by decays 
be fo re  momentum and s i g n  s e l e c t i o n  has  occurred (wide-band background). Both backgrounds 
a r e  measured and empi r i ca l ly  subt rac ted  from t h e  da ta .  The f i r s t  (cosmic rays)  
i s  measured i n  an off-beam ga te .  The second (wide-band) i s  measured by c los ing  
a s l i t  a t  t h e  en t rance  t o  t h e  decay p ipe .  Thus, our  d a t a  sample conta ins  beam 
assoc ia t ed  neut r inos  (or  an t i -neu t r inos )  wi th  l i t t l e  o r  no contamination from 
t h e  neut r ino  of oppos i te  h e l i c i t y .  
Figure 2 shows an example of a n e u t r a l  cu r ren t  candidate  f r o m  t h i s  run. 
The event occurs  wel l  i n s i d e  t h e  Fe ca lo r ime te r ;  s i g n i f i c a n t  hadron energy i s  
deposi ted,  however, no v i s i b l e  muon i s  observed. 
The d a t a  sample was separa ted  i n t o  n e u t r a l -  (NC) and charged- (CC) cu r ren t  
even t s  on t h e  b a s i s  of pene t r a t ion  (Fig. 3). Muons were i d e n t i f i e d  i f  they 
penet ra ted  more than 1.6 meters  of i ron .  This  does no t ,  however, produce a c lean  
sample of NC events - some fract ion of the charged current events w i l l  have a 
muon. emitted a t  such a wide angle tha t  i t  w i l l  not be observed. Fig. 3 shows 
a rough estimate for  t h i s  contamination using a simple charged current model. 
The excess number of events above the dashed curve i s  interpreted as the neutral  
current signal and i s  a "Raw" leve l  of excess: 
R = 0.241 5 0.034 
v 
where the e r rors  are s t a t i s t i c a l  only. This level  i s  called "raw" since a minimum 
hadron energy (%) for  NC events (see Fig. 4) i s  required by the t r igger .  This 
t r igger  only reaches f u l l  efficiency for  % - 12 GeV and thus only data with 
% 2 1 2  GeV has been analyzed. To know the actual uNC /uCC requires an extra- 
polation to  EH = 0 and thus a knowledge of the NC y-distributions.  
We have chosen t o  d i rec t ly  analyze our neutral  current data t o  obtain the 
couplings by f i t t i n g  the NC hadron energy d is t r ibu t ions  (Fig. 5) t o  the functional 
form 
where Fv, Fg represent the f lux of neutrinos and anti-neutrinos, respectively, 
E v  (E-) i s  the energy of the incoming neutrino (anti-neutrino) and y = E H / E  
v v' 
the usual scaling variable. gN, g and g represent the coeff ic ients  of negative P F 
he l i c i t y ,  posit ive h e l i c i t y  and spin-fl ip.  For t h i s  paper, I w i l l  assume g E 0. F 
The parameter g contains contributions from V-A neutrino-quark scat ter ing N 
and V-A neutrino-anti-quark scat ter ing.  (Note: for  a pure vector (or pure 
axial )  in teract ion,  gN E gp, independent of the quark, anti-quark composition 
of the nucleus) . 
Two pieces  of information a r e  requi red  i n  order  t o  perform t h i s  two para- 
meter f i t :  
1 )  The value of the  f luxes  FV, F-.(The shor t  beam s p i l l ,  -lmsec, d id  not  v 
allow u s  t o  measure them d i r e c t l y . )  
2) The number of t h e  CC events  which s t i l l  remain a s  contamination i n  
t h e  NC sample.(These a r e  events  with l a r g e  muon angle and the re fo re  
l a r g e  y. ) 
We have used the  charged cu r ren t  da ta ,  f i t  t o  t h r e e  r a d i c a l l y  d i f f e r e n t  models, 
discussed below, t o  ob ta in  the  requi red  information. A s  w i l l  be seen from the  
r e s u l t s  of t h e  f i t s ,  t h e  s t r u c t u r e  of t h e  NC couplings i s  l a r g e l y  i n s e n s i t i v e  t o  
t h e  assumptions made about t h e  charged cu r ren t s .  The es t imates  f o r  the  f luxes,  
F and F- were obtained i n  two ways: 1 )  f i t t i n g  the  models t o  a l l  t h e  CC d a t a  
v  v ' 
and 2) using j u s t  t h e  small y CC d a t a  where our de tec t ion  e f f i c i e n c y  i s  q u i t e  
dN high. The value of - a t  y = 0 f o r  CC events  i s  j u s t  h v  F i f  charge 
dy 77 v ' 
symnetry i s  co r rec t .  
I n  p r a c t i c e ,  of course, an ex t rapo la t ion  from small y ( y i 0 . 2 )  t o  y = 0 
must be done using the  models. However, s ince  the  s t a t i s t i c a l  e r r o r  on these  
d a t a  i s  q u i t e  l a rge ,  t h e  d e t a i l s  of t h e  models ma t t e r  very l i t t l e .  
The t h r e e  charged current  models used were: 
1 )  t h e  Scal ing Model 
dcV - G ~ M E  v :  -- -
dxdy 77 v F, ] q(x) + i ( x )  (1-Y) 
- 
- dcV - 2 
V :  - - -VF- dxdy 
ME- ] (1- I )Z + i ( x )  
77 
where q (x) + ;I (x) = F ; ~ ( ~ )  
ed (F (x) i s  t h e  s t r u c t u r e  funct ion  measured by SLAC-MIT with e l e c t r o n s  on 2 
deuterium.') I n  terms of t h e  quark-parton model, q(x) (<(x)) i s  j u s t  t h e  f r a c t i o n  
of the  nucleon's  momentum c a r r i e d  by quarks (ant iquarks) .  A l l  ignorance about 
Q charged cu r ren t  behavior i s  lumped i n t o  one parameter f o r  t h i s  f i t  a = - 
w-0 
1 1 
where Q = q(x)  dx, q = So q(x)  dx . 
0 
2) Non-Scaling Model 
This has t h e  same func t iona l  form a s  t h e  above but  nowa i s  a funct ion  of  
energy. There a re  two parameters h e r e  (a  f o r  neu t r inos  from T-decay, < E  > 1 v 
-50 GeV, and a2 f o r  neu t r inos  from K-decay, < E  > -150 GeV). v 
3) Non-scaling model with right-handed cu r ren t s  and t h e  product ion of a new 
2 heavy quark. For t h i s  f i t  we assume a = 0.06 ( t h e  b e s t  f i t  from low energy 
neu t r ino  da ta )  and f i t  t h e  d a t a  f o r  t h e  mass of the  new quark (M ). B 
The r e s u l t s  of t h e  f i t  f o r  gN and g (quoted h e r e  a s  t h e  equiva lents  P 
g = gN + gp and P = g p / g )  f o r  each of  t h e  charged cu r ren t  models, a r e  given i n  
Table 1, which p resen t s  values f o r  each of t h e  two methods of  obta in ing  t h e  
f luxes .  As s t a t e d  e a r l i e r ,  g and P a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  any assumptions 
about t h e  charged cu r ren t s .  
Figure 6a shows two parameter contours  ( s t a t i s t i c a l  e r r o r s  only) f o r  t h e  
b e s t  es t imate  of gN and g P' Inc luding  sys temat ic  e r r o r s  these  b e s t  es t imates  a r e  
where s t a t i s t i c a l  e r r o r s  a r e  given i n s i d e  t h e  parentheses and est imated systematic  
e r r o r s  outs ide .  Figure 6b shows t h e  contours  again with l i n e s  of V-A, V + A  and 
the  p r e d i c t i o n  of t h e  Weinberg-Salam model3 f o r  t h e  assumption t h a t  a. = 0.17 f o r  
CC events .  
Since g inc ludes  a mixture of V-A neutr ino-quark and V + A  neu t r ino -an t i -  N 
quark s c a t t e r i n g ,  (and gp conta ins  V-A neutr ino-ant i-quark and V+A neut r ino-  
quark s c a t t e r i n g )  we a r e  only measuring t h e  s t r eng th  and f r a c t i o n  o f  negat ive  
and p o s i t i v e  h e l i c i t y  coupling i n  t h e  n e u t r a l  cu r ren t  da ta .  To sepa ra t e  t h e  
V-a (g-) and V + A  (g t )  con t r ibu t ions  we can re-express  g and g a s  follows: N P 
where an, i s  t h e  i n t e g r a t e d  f r a c t i o n  of momentum c a r r i e d  by the  ant i-quarks i n  
t h e  nucleon f o r  t h e  n e u t r a l  cu r ren t  i n t e r a c t i o n s ,  a  number which t o  d a t e  has  
not  been measured. Figure 7  shows t h e  contours  f o r  g  - and g +  f o r  two d i f f e r e n t  
values of anc , anc = 0.06 and anc = 0.17 ( the  b e s t  f i t  a t  Ev-50 GeV). 
It  can be seen from these  two contours  t h a t  the  r e s u l t s  a r e  reasonably 
i n s e n s i t i v e  t o  t h e  value assumed f o r  a . The d a t a  a r e  i n c o n s i s t e n t  with a  
nc 
pure V + A  i n t e r a c t i o n ,  and l i e  somewhere i n  between V (o r  A) and V-A. The f i t  
l i e s  about 1-112 standard dev ia t ions  from pure V (o r  A), and about 1 t o  1 .7  
s tandard dev ia t ions  from pure  V-A, depending on t h e  value f o r  a . Both i n  nc 
s t r eng th  and magnitude, t h e  d a t a  a r e  q u i t e  cons i s t en t  with t h e  p red ic t ions  of 
the  Weinberg-Salam model(3) g iv ing  a  b e s t  value f o r  t h e  V , A  mixing angle of 
2  + 0.056 
s i n  ern = 0.331 - 0.049 
f o r  = 0.17. 
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TABLE I: 
Neutral  Current 







(50GeV) aT = 
(150GeV)ak = 







(0.14 t o  0.35) 
0.29 
0.17 
(0.06 t o  0.30) 
0.32 
( > 0 . 1 7 )  












- g n + g p  
.30 f .03 
.- 
.32 f .04 
.30* .03 
. 
.32 f .04 
.32 f .04 
.31 f .04 
P 
= g P / g  
.36 * .09 
. 3 7 + . 1 0  
.39f  .09 
.41 f .10 
.33 f .09 
. 4 1 f  .10 
ClTF DATA- DISTRIBUTIONS IN TOTAL OBSERVED 
ENERGY NARROW BAND BEAM CHARGED - CURRENTS 
FIG. 1 
Total Energy observed in Calorimeter for 
Charged Current Events. 
FIG. 2 
Neutral Current Candidate 
Neutral Current Interact ion 
I v + N +  v + hadrons 1 
NEUTRAL' CURRENT 
EVENT 
ENERGY DEPOSITED SCINTILLATION 
IN CALORIMETER COUNTERS 
STEEL TARGET (5' x 5' area, 50'  long) 
\ SPARK CHAMBERS 
U U U U U U U U U U U U U U U U U U U U U  1 ::::I: 
MAGNET 
Hadron energy 18.4 GeV 

FIG. 4 
Hadron Trigger Efficiency 
'an CC (1902 events) 
FIG. 5 
Charged and Neutral Current Distributions 
for Neutrinos and Anti-Neutrinos with 
EH > 12 GeV. 
g, NEGATIVE HELlClTY COUPLING 
FIG. 6a 
Two Parameter Contours for the Best F i t  for 
the Negative and Posit ive Helicity Coupling 





























































































































































































CJ - (V-A) COUPLING . 
FIG. 7 
Two Parameter Contours V-A vs. V + A  for 
= 0.06 (7a) and anc = 0.17 (7b). 
Predictions of the Weinberg-Salam Model 
and Simple Vector-like Theories Shown for 
Comparison. 
